Additional index words. banana (Musa acuminata L. AAA group cv. Brazilian), ethylene biosynthesis, fruit ripening, glutamate decarboxylase, postharvest Abstract. The banana, a typical climacteric fruit, undergoes a postharvest ripening process followed by a burst in ethylene production that signals the beginning of the climacteric period. Postharvest ripening plays an important role in improving the quality of the fruit as well as limiting its shelf life. To investigate the role of glutamate decarboxylase (GAD) in climacteric ethylene biosynthesis and fruit ripening in postharvest banana, a GAD gene was isolated from banana, designated MuGAD. Coincidently with climacteric ethylene production, MuGAD expression as well as the expression of the genes encoding the Musa 1-aminocyclopropane-1-carboxylate synthase (MaACS1) and Musa 1-aminocyclopropane-1-carboxylate oxidase (MaACO1) greatly increased during natural ripening and in ethylene-treated banana. Moreover, ethylene biosynthesis, ripening progress, and MuGAD, MaACS1, and MaACO1 expression were enhanced by exogenous ethylene application and inhibited by 1-methylcyclopropene (1-MCP). Taken together, our results suggested that MuGAD is involved in the fruit ripening process in postharvest banana.
The enzyme GAD (EC 4.1.1.15) is responsible for converting L-glutamic acid to gamma-aminobutyric acid (GABA) in the presence of the cofactor pyridoxal 5#-phosphate (PLP). GABA, a non-protein amino acid, is ubiquitously present in prokaryotes and eukaryotes. Plant GADs carry a C-terminal extension that binds to Ca 2+ /calmodulin (CaM) to modulate enzyme activity (Chen et al., 1994; Ling et al., 1994) .
Changes in gene expression and/or activity of GADs in plants are regulated by cytosolic levels of H + and Ca 2+ that are associated with various environmental stimuli (Bown and Shelp, 1989) , including mechanical stimuli (Wallace et al., 1984) or damage (Ramputh and Bown, 1996) , cold shock (Mazzucotelli et al., 2006) , heat shock (Mayer et al., 1990) , hypoxia (Tsushida and Murai, 1987) , cytosolic acidification (Crawford et al., 1994) , water stress (Bolarin et al., 1995) , and phytohormones (Ford et al., 1996) . Activated GADs lead to GABA accumulation that is important in regulating cytoplasmic acidity, glucose use, nitrogen storage, plant development, plant defense, and fruit ripening (Bown and Shelp, 1997; Gallego et al., 1995) .
Although GAD and its product GABA have been identified in legumes decades ago, their functional role in plants, especially in ethylene biosynthesis and fruit ripening, is poorly understood (Kulkarni and Sohonie, 1956 ). Previous studies investigating the role of GADs in fruit ripening isolated GAD genes in several species of fruits, including tomato and citrus. These studies showed that the expression of GAD genes is changed at different ripening stages (Akihiro et al., 2008; Cercós et al., 2006; Gallego et al., 1995) . Furthermore, the relationship between GABA levels and ethylene production was investigated in excised sunflower tissues to elucidate the role of GAD in ethylene biosynthesis. The results indicated that exogenous GABA caused an increase in ethylene production rate mainly by promoting GAD activity and up-regulating 1-aminocyclopropane-1-carboxylate (ACC) synthase (ACS: EC 4.4.1.14) gene expression (Kathiresan et al., 1997) . However, the function of GAD in climacteric ethylene biosynthesis and postharvest fruit ripening is unclear.
The banana (Musa acuminata L. AAA group cv. Brazilian), a typical climacteric fruit, undergoes a postharvest ripening process characterized by a green storage phase followed by a burst in ethylene production that signals the beginning of the climacteric period. The banana enzymes involved in ethylene biosynthesis have been well characterized, and the related cDNAs were cloned. For example, MaACS1, encoding ACS, and MaACO1, encoding ACC oxidase (ACO: EC 1.4.3), were shown to play crucial roles in ethylene biosynthesis in banana postharvest ripening (Adams and Yang, 1979; Liu et al., 1999; Yang and Hoffman, 1984) . Coincidently with the respiratory climacteric period, numerous physiological and biochemical changes occur in the banana fruit, including chlorophyll breakdown, flavochrome accumulation (Jacob-Wilk et al., 1999; Thomas and Janave, 1992) , degradation of cell wall components resulting in fruit softening (Lohani et al., 2004) , and degradation of stored starch into soluble sugar Rees, 1995a, 1995b) . These changes influence characteristics of the banana fruit such as its firmness, astringency, aroma, color, and shelf life. As a result, postharvest ripening plays an important role in improving the quality of the fruit as well as limiting its shelf life.
In our previous study (Xu et al., 2007) , we constructed a forward suppression subtractive hybridization (SSH) cDNA library. Specifically, 265 cDNAs were isolated that were up-regulated in the ripening banana at 2 d postharvest (DPH). To investigate the effects of these differentially expressed cDNAs in the initiation and peaking of climacteric ethylene biosynthesis after harvest, cDNA microarray analysis was used to identify up-or down-regulated cDNAs at the onset of climacteric ethylene biosynthesis. A cDNA encoding glutamate decarboxylase was up-regulated during climacteric ethylene biosynthesis. Moreover, the expression level of this cDNA was the highest among the levels of all the cDNAs in the microarray on the initiation of ethylene biosynthesis (Jin et al., 2009; Xu et al., 2007) . Our previous evidences implied that the glutamate decarboxylase activity might be related to ethylene biosynthesis associated with banana postharvest ripening. Therefore, we isolated the full-length cDNA of the glutamate decarboxylase gene from banana (MuGAD).
In this study, by studying changes in the ethylene production and expression of MuGAD, MaACS1, and MaACO1 of banana fruits related to ripening under various treatment conditions, we investigated the role of MuGAD in post-harvest ripening. Our results showed that MuGAD expression correlates with the expression of MaACS1 and MaACO1, key genes in ethylene biosynthesis.
Materials and Methods
Plant materials and treatments. Hands of mature, unripe bananas (Musa acuminata L. AAA group cv. Brazilian) were obtained from the banana plantation of the Institute of Tropical Bioscience and Biotechnology (Chengmai, Hainan). Fruits from the same hand were harvested and washed with distilled water. Banana hands were separated into individual fingers representing the same developmental stage (Inaba and Nakamura, 1986) . The degree of ripening was classified into seven stages according to Pua et al. (2003) , namely full green (FG), trace yellow (TY), more green than yellow (MG), more yellow than green (MY), green tip (GT), full yellow (FY), and yellow flecked with brown spots (YB). The YB stage is the most advanced stage, when bananas have completely ripened during the postharvest ripening process.
Banana fingers were divided into three sample groups, including naturally ripened, ethylene-treated, and 1-MCP-treated. Each sample represented three replicates (each replicate had three banana fingers). The samples were collected to perform physiological experiments according to ripening stages. For natural ripening, bananas were allowed to ripen naturally at 25°C. For ethylene treatment, bananas were treated with 100 mL · L -1 ethylene for 18 h and then ripened naturally at 25°C. For the 1-MCP treatment, bananas were kept in an airtight container with 1mL · L -1 1-MCP for 24 h and then ripened at 25°C, as described previously (Lohani et al., 2004) . At every ripening stage, ethylene production of each treatment group was measured, and banana pulp was frozen in liquid nitrogen and stored at -80°C for total RNA extraction. Total RNA was isolated from fruit pulp tissues of naturally ripened, ethylene-and 1-MCP-treated bananas using the method described by Wan and Wilkins (1994) .
Measurement of ethylene production. Ethylene production was measured by enclosing fruit samples in an airtight container for 2 h at 25°C, withdrawing 1 mL of the headspace gas, and injecting it into a gas chromatograph (GC-2010; Shimadzu, Kyoto, Japan) fitted with a flame ionization detector and an activated alumina column. The ethylene production measurements were performed as recommended by the manufacturer.
Cloning and sequencing. Rapid amplification of cDNA ends (RACE) was used to obtain the full-length cDNA of MuGAD based on the partial sequence obtained by SSH previously (Xu et al., 2007) . 5#-and 3#-RACE were conducted using the SMART PCR cDNA Synthesis Kit (Clontech, Palo Alto, CA) with the double-stranded cDNA from 8-DPH banana fruit as a template. For 5#-RACE, the forward and reverse primer pair was P1. For 3#-RACE, the forward and reverse primer pair was P2 (Table 1) .
Fragments of MaACO1, MaACS1, and MaActin1 were cloned using the doublestranded cDNA from 8-DPH banana fruit as a template. The forward and reverse primers were designed according to GenBank as well as the standards for the real-time reverse transcriptase-polymerase chain reaction (real-time RT-PCR; TaKaRa Biotechnology, Dalian, China). To clone the MaACO1 fragment, the forward and reverse primer pair was P3 designed according to the GenBank sequence (accession no. AJ223232). To clone the MaACS1 fragment, the forward and reverse primer pair was P4 (accession no. AB021906). To clone the MaActin1 fragment, the forward and reverse primer pair was P5 (accession no. AF285176). All the fragments were cloned into the PMD-18T (TaKaRa) vector and sequenced. Based on the 5#-and 3#-end sequences of the MuGAD cDNA, a pair of primers was designed P6 to allow amplification of the entire open reading frame (Table 1 ). The amplified product was inserted into the PMD-18T vector and sequenced. The sequences were compared with those in the National Center for Biotechnology Information database using BLAST (<http://www. ncbi.nlm.nih.gov/BLAST/>) and DNAMAN software.
Real-time RT-PCR. The first strand of cDNA was synthesized using AMV reverse transcriptase (Promega) from 5 mg RNA in a 20-mL reaction volume, which subsequently was used as the template in real-time RT-PCR. For the amplification of MuGAD, MaACO1, MaACS1, and MaActin1 cDNA fragments, the primers that were listed in cloning and RT-PCR sections were designed according to the TaKaRa real-time RT-PCR instructions. The primers did not contain the highly conserved protein domains and had high efficiency and specificity, which was determined using the MxProTM real-time RT-PCR software (Stratagene, CA) and agarose gel electrophoresis. The resulted real-time RT-PCR products for MuGAD, MaACO1, MaACS1, and MaActin1 were 175, 151, 127, and 379 bp, respectively, which were suitable for real-time RT-PCR.
SYBR Premix Ex TaqTM (TaKaRa, Dalian, China) was used in a 25-mL reaction volume with 0.5 mL ROX reference dye. Primers were used at 100 nM concentrations with the reverse-transcribed RNA template per reaction. In all experiments, appropriate negative controls lacking template RNA were subjected to the same procedure to detect possible contamination. Before proceeding with the actual experiments, a series of template and primer dilutions were tested to determine the optimal concentrations for maximal target amplification. Amplification efficiencies for the internal control and target genes were between 0.9 and 0.97.
Each quantitative real-time PCR was performed on a Stratagene Mx3000P (Stratagene) machine using SYBR chemistry. The proper thermal cycling conditions for MuGAD, MaACS1, and MaActin1 were 94°C for 3 min followed by 40 cycles at 94°C for 7 s, 55°C for 10 s, and 72°C for 15 s; and for MaACO1, conditions were 94°C for 3 min followed by 40 cycles at 94°C for 7 s, and 60°C for 20 s. Reactions were performed in triplicate, and data were analyzed using the MxProTM real-time RT-PCR software (Stratagene). MaActin1 was used as a control sample that served as a benchmark to which the MuGAD, MaACO1, and MaACS1 products were normalized. The differences in Ct values among the MuGAD, MaACO1, MaACS1, and MaActin1 transcripts were expressed as fold-changes relative to MaActin1. mRNA-fold difference was calculated relative to the control and relative expression level of genes was calculated using the 2 -DDCt formula (Livak and Schmittgen, 2001) .
Results
Cloning and sequence analysis of MuGAD, MaACO1, MaACS1, and MaActin1. In our previous study, a cDNA fragment sharing high homology to known GAD genes from other plant species was obtained using SSH (Xu et al., 2007) . Here, we isolated the full-length cDNA, designated as MuGAD, from banana fruit at 8 DPH using RACE. Sequence analysis indicated that the MuGAD cDNA is 1771 bp long with a 1500-bp open reading frame. The predicted MuGAD protein contained 499 amino acids with a molecular mass of 56.25 kDa. BlastX analysis showed that the predicted MuGAD protein shared a high degree of sequence similarity with GAD proteins from other plant species, including 81% identity with OsGAD from Oryza sativa, 80% with CsGAD from Citrus sinensis and PtGAD from Populus tremula, and 78% identity with SlGAD from Solanum lycopersicum. Furthermore, the MaACS1, MaACO1, and MaActin1 fragments shared high sequence identity to AB021906 (99%), AJ223232 (100%), and AF285176 (100%) Table 1 . Primers used for polymerase chain reaction analysis.
Gene
Primer Forward primer (5#-3#) Reverse primer (5#-3#)
| POSTHARVEST BIOLOGY AND TECHNOLOGY in Musa acuminata, respectively, suggesting that the cloned cDNAs were indeed the genes that encode ACS, ACO, and actin, respectively. Amino acid sequence alignment indicated that MuGAD contained a CaM-binding domain at its C-terminus, a putative PLP-binding motif, and the GAD active domain (Akama et al., 2001) (Fig. 1) . In addition, a phylogenetic tree was constructed based on the amino acid sequence alignment of MuGAD and 11 other plant GADs from GenBank. The resulting dendrogram showed that MuGAD was very close to SlGAD (Fig. 2) . These results suggested that MuGAD obtained in this study is a novel GAD gene from banana.
Ethylene biosynthesis and differential expression of MuGAD, MaACO1, and MaACS1 at different stages of banana ripening. To investigate the relationship between endogenous ethylene biosynthesis associated with postharvest banana ripening and the expression of MuGAD, exogenous ethylene and 1-MCP that have a profound effect on fruit ripening were used to treat banana fruits. Changes in the rate of endogenous ethylene production, timing of ripening stages as well as MuGAD, MaACO1, and MaACS1 expression were examined at different banana ripening stages (Figs. 3 and 4) .
In naturally ripened bananas, endogenous ethylene production was low between 0 DPH (FG stage; 1.7) and 10 DPH (MY stage; 5.0) and then increased greatly at 12 DPH (GT stage; 7.2) and peaked at 15 DPH (FY stage; 20.7) followed by a sharp decrease at 20 DPH (YB stage; 3.4). A sharp 4-fold increase in endogenous ethylene production (from 5.0 to 20.7) occurred between the MY and FY stages (Fig. 3A) . It took bananas 20 d after harvest to reach the most advanced YB stage (Fig. 3A) . Paralleling these ripening events, the expression of MuGAD and MaACS1 was detectable during the preclimacteric period, then increased from 10 (MY) to 15 DPH (FY), and reached the maximum level at 15 DPH (FY), coincidental with the highest level of endogenous ethylene production (Figs. 4A and 4C) . In fact, an 11-fold sharp increase in MuGAD expression (from 3.6 to 40.1) occurred between 10 (MY) and 15 DPH (FY) (Fig. 4A) . Similarly, a 12-fold sharp increase in MaACS1 expression (from 371.3 to 4508.2) occurred between 10 (MY) and 15 DPH (FY) (Fig. 4C) . Although MaACO1 expression was lower compared with the expression levels of MaACS1, the expression of MaACO1 increased from the onset of the climacteric period (from 2.3 to 20.9) and increased 11-fold between 10 (MY) and 15 DPH (FY) (Fig. 4B) .
Endogenous ethylene production, ripening progress, and expression of MuGAD, MaACO1, and MaACS1 were enhanced in bananas treated with exogenous ethylene (Figs.  3 and 4) . First of all, endogenous ethylene biosynthesis was activated immediately after ethylene treatment, strongly increased at 2 DPH (MG; 16.9), and peaked at 3 DPH (MY; 29.0). This was a remarkable advance in ethylene production 12 d before the highest level of ethylene production in naturally ripened bananas. Impressively, a 30-fold sharp increase in endogenous ethylene production (from 0.9 to 29.0) occurred between 0 (FG) and 3 DPH (MY). Moreover, the highest level of endogenous ethylene production in ethylene-treated bananas (29.0) was higher than the highest level in naturally ripened bananas (20.7; Fig. 3 ). Along the same lines, it took bananas only 6 d to reach the YB stage, which normally takes 20 d with natural ripening (Fig. 3) . The expression of MuGAD, MaACO1, and MaACS1 was greatly increased at 1 DPH (TY), and peaked at 2 DPH (MG) with the increase in climacteric ethylene, 13 d before the highest levels of expression observed during natural ripening (Fig. 4D-F) . Moreover, the actual levels of expression were highly increased by exogenous ethylene treatment. For example, a 293-fold increase in MuGAD expression (from 0.3 to 112.3) occurred between 0 (FG) and 2 DPH (MG) (Fig. 4D) . Similarly, a 78-fold and 192-fold increase in MaACS1 and MaACO1 expression (128.1 to 10051.3 and 5.0 to 969.8, respectively) occurred between 0 (FG) and 2 DPH (MG), respectively ( Fig. 4E-F) .
On the other hand, bananas treated with 1-MCP barely had any detectable ethylene production with a mild increase from 0.3 to 1.1. They also took more time to reach YB stage (23 DPH) and had low levels of MuGAD (from 0.4 to 4.0), MaACO1 (from 0.1 to 16.4), and MaACS1 (form 4.2 to 2678.2) expression compared with naturally ripened bananas during the postharvest ripening progress (Figs. 3 and 4G-I) . These results suggested that MuGAD transcript is consistent with endogenous ethylene release and the expression of MaACO1 and MaACS1 in naturally ripened, exogenous ethylene-treated and 1-MCP-treated bananas.
Discussion
Biochemical and physiological changes in banana fruit during postharvest ripening appear to be associated with the activation of a number of genes. Some of these genes such as MaACS1, MaACO1, and malate synthase gene (MaMS1) are related to ethylene biosynthesis, which itself is associated with fruit ripening (Liu et al., 1999; Pua et al., 2003) . However, the isolation and characterization of genes encoding banana GAD have not been reported, although GAD plays a role in ethylene biosynthesis (Kathiresan et al., 1997) . Moreover, the function of GAD in climacteric ethylene biosynthesis and postharvest fruit ripening is unclear. Here, we report that the isolation and characterization of a gene encoding GAD is involved in climacteric ethylene biosynthesis and fruit ripening in postharvest banana.
Ethylene is an important regulatory factor in fruit ripening, which is a well-documented fact in bananas and other climacteric fruits (Lelièvre et al., 1997; Marriott, 1980) . 1-MCP is an antagonist of ethylene that binds to the ethylene receptors (Sisler et al., 1996) . The effect of ethylene and 1-MCP on regulating banana fruit ripening has been studied extensively (Golding et al., 1998; Inaba et al., 2007; Mainardi et al., 2006; Pua et al., 2003) . Previous studies have shown that MaACS1 and MaACO1 play crucial roles in ethylene biosynthesis during banana postharvest ripening, each having a different role at different ripening stages (Liu et al., 1999) . To address the question whether MuGAD expression is involved in ethylene biosynthesis associated with postharvest banana ripening, we used exogenous ethylene and 1-MCP to manipulate this process and measure the rate of endogenous ethylene production, timing of ripening, and MuGAD, MaACS1, and MaACO1 expression. Our results showed that coincidently with the ethylene climacteric, the expression level of these genes greatly increased in naturally ripened and ethylenetreated bananas. After ethylene climacteric, MaACS1 and MaACO1 retained high levels of expression, whereas MuGAD expression decreased sharply in naturally ripened bananas (Figs. 3 and 4) . This result implied that coincidently with a long ripening process of naturally ripened bananas, MaACS1 and MaACO1 remain playing a role to promote banana fruit ripening after ethylene climacteric, but MuGAD mainly functions in climacteric ethylene biosynthesis. Additionally, MaACS1, MaACO1, and MuGAD expression decreased sharply after ethylene climacteric in bananas treated with exogenous ethylene application (Figs. 3 and 4) . This result implied that exogenous ethylene application has a more profound effect on postharvest bananas ripening during the climacteric process, which accelerates the ripening process of postharvest bananas and hence results in low levels of these genes expression after ethylene climacteric.
Moreover, ethylene production, fruit ripening, and gene expression were enhanced by exogenous ethylene application, but inhibited by 1-MCP application (Figs. 3 and 4) . Thus, MuGAD expression correlates with ethylene production, fruit ripening, and the expression of MaACS1 and MaACO1, suggesting that MuGAD is involved in climacteric ethylene biosynthesis and fruit ripening in banana fruits after harvest. Although the relationship between GAD activity and ethylene production was investigated in excised sunflower tissue (Kathiresan et al., 1997) , our study is the first one to explicitly establish a correlation between MuGAD and climacteric ethylene biosynthesis in the postharvest banana ripening process. These findings are supported by our previous cDNA microarray results (Jin et al., 2009; Xu et al., 2007) .
In conclusion, ethylene induces the expression of MuGAD, MaACS1, MaACO1, and the postharvest banana ripening process, whereas 1-MCP inhibits these events. MuGAD expression behaves similarly as MaACS1 and MaACO1. Therefore, the findings of this study demonstrated that MuGAD is involved in climacteric ethylene biosynthesis and the fruit ripening process in banana after harvest. GAD is responsible for converting L-glutamic acid to GABA in the presence of the cofactor PLP. GABA was reported to cause an increase in ethylene production rate and up-regulating ACS gene expression (Kathiresan et al., 1997) . MuGAD expression correlates with the expression of MaACS1 and MaACO1, implying that GABA produced by MuGAD expression may play a crucial role in ethylene biosynthesis and the fruit ripening process in banana after harvest. In future work, we will put emphasis on characterizing the roles of MuGAD and GABA in ethylene biosynthesis and the fruit ripening process.
